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1. Introduction 
In a previous communication [I] we attempted 
to establish in model systems the principles which 
govern the formation of decane-soluble proteolipids. 
We found that cytochrome c and a mixture of acidic 
and neutral phospholipids could not be extracted 
into decane unless the protein carboxylates were neu- 
tralized by protonation. Thus nearly quantitative ex- 
traction of cytochrome c and a mixture of phospha- 
tidylcholine and phosphatidylserine, phosphatidyl- 
inositol or cardiolipin could be achieved by lowering 
the aqueous phase pH to 2.4. It was theorized that 
the acidic phospholipids formed ion-pairs with the 
protein cationic residues and when the protein car- 
boxylates were neutralized, the overall complex be- 
came hydrophobic and could then partition into the 
apolar solvent. A similar pH dependent extraction of 
beef heart cytochrome oxidase and bovine erythro- 
cyte acetylcholinesterase was noted. 
One of the limitations in this method of proteo- 
lipid formation was the possible denaturation of the 
proteins due to the required low pH. In order to over- 
come this problem, we attempted to extract the pro- 
teolipid in the presence of cations which, at neutral 
pH, might be able to neutralize the protein carboxyl 
moieties. In the present communication we show 
that cytochrome c-containing proteolipids can be 
formed readily in the presence of CaCla , MgClz , LiCl, 
KC1 or NaCl. The proteolipid thus extracted forms 
stable bilayers whose electrical properties are similar 
to those of the protonated proteolipid but significant- 
ly different from those formed with the component 
lipids alone. 
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2. Methods and materials 
The procedure used to prepare the decane-soluble 
proteolipids, the assay of protein and phospholipid 
content in both aqueous and hydrocarbon phases, as 
well as the method of thin-proteolipid film formation 
were essentially as previously described [I] . 
3. Results 
3.1. Formation of decane-soluble proteolipids at neu- 
tral pH 
No partition of cytochrome c or lipids into n- 
decane could be observed at neutral pH unless mono- 
valent or divalent cations were present in the aqueous 
phase during the extraction step. As presented in 
table 1, the extent of extraction of cytochrome c- 
containing proteolipid is dependent on the nature 
and concentration of the cations. Complete extrac- 
tion (up to 96% of both lipid and protein) is 
achieved with 2.0 mM CaClz , 10 mM MgClz , 100 mM 
KC1 or LiCl and 200 mM of NaCl; for comparison it 
is also shown that 4 mM of H’ is required for maxi- 
mal extraction. It is worth pointing out that the con- 
centrations of cations required for proteolipid extrac- 
tion are in the physiological range. It should be 
noted that while the decane phase is optically clear 
in the case of Ca*+, Mg*+, Li+ or H’, it is turbid when 
the extraction is performed in the presence of Na’ 
or K+. A possible explanation for this difference in 
optical appearance is a higher concomitant extraction 
of water into the decane. The water content of the 
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Table 1 Table 2 
Effect of monovalent and divalent cations on proteolipid ex- Comparison of the electrical properties of thin proteolipid 
traction into n-deeane films prepared in the presence of H + or Ca 2+ *. 
Phospho- Thin proteolipid films 
Protein lipid ex- Electrical H + in Ca 2+ in 
extracted tracted property extraction* extraction + 
into into Relative 
Conc. n-decane n-decane effective- Membrane 
Cation (mM) (%) (%) ness resistance 0.5 -1.0 0.5 -1.0 
(ohm. cm 2 × 108) 
25 0 70 
50 74 75.7 Membrane 
Na + 100 81 66.1 1 capacity** 0.29 -+ 0.05 0.31 +- 0.03 
150 82 58.4 0zF/cm 2) 
200 93 95.5 
50 92 80.4 
Li + 100 93 95.0 2 
200 92 98.0 
25 63 83.8 
K + 50 89.5 97.0 2 
100 93.4 97.8 
0.5 0 48.2 
1.0 56.4 61.3 
Mg 2÷ 2.0 75.4 74.0 20 
5.0 93.38 98.5 
10.0 96.4 98.5 
0.1 0 25.7 
Ca 2+ 0.5 0 38.7 100 
1.0 64.1 67.6 
2.0 95.3 96.7 
H +(*) 4.0 94.0 92.7 50 
Phosphatidylserine (1 mg/ml) and phosphatidylcholine 
(2 mg/ml) were dispersed in a final volume of 4.0 ml of wa- 
ter by shaking in a Vortex mixer for 10 min. Cytochrome c 
(0.125 mg/ml) was then added and shaking was continued 
for a further 10 min period, n-Decane (1.0 or 2.0 ml) was 
then carefully layered on top of the aqueous dispersion and 
0.5 ml of an aqueous buffer or salt solution was rapidly in- 
troduced and the two-phase system was immediately shaken 
for a 15 rain period. Phase separation was allowed to occur; 
the tubes were centrifuged for 10 min at 600g in a refriger- 
ated MSE centrifuge. The uppermost decane phase was care- 
fully removed; the lower decane phase and a portion of the 
upper aqueous layer were discarded. The remaining aqueous 
phase was used to determine protein and phosphorous as 
previously reported [ 1 ]. 
Bathing solution: 1 mM NaC1 and 1 mM TEA-C1, pH 7.0. 
*pH of aqueous phase = 2.4. 
+2 mM CaCI 2 in aqueous phase. 
*The membrane forming solution consisted of: the material 
extracted into 1.0 ml of n-decane after shaking this solvent 
with an aqueous phase containing 8 mg egg lecithin, 4 mg 
of phosphatidylserine and 0.5 mg of cytochrome c in a 
final volume of 4.0 ml adjusted at pH 2.4 with formate buf- 
fer or in the presence of 2 mM CaC12. 
**In the determination f the membrane capacity, care was 
exercised to maintain the f'dm area constant. The published 
values [1 ] for membrane capacity are high because of an 
underestimation f the membrane area. Dividing the re- 
ported values [1] by a correction factor of 1.5, one arrives 
at the correct values. 
decane conta in ing the di f ferent proteol ip ids is, at 
present,  under  study. 
3.2. Formation of thin proteolipid films 
The proteol ip id  solut ion in decane is used to pre- 
pare thin fi lms as previously described [1] .  A com- 
parison of  the electrical propert ies of  th in proteo- 
l ipid fi lms prepared f rom an extract  carried out  in 
the presence of  H + or Ca 2÷ is i l lustrated in table 2. 
No signif icant dif ferences in either membrane resis- 
tance or capacity are measured,  indicat ing that  a 
similar structure is responsible for the observed re- 
sponses and it is therefore independent  of  the way 
by which charge neutra l izat ion and ion pair extrac- 
t ion is achieved. 
4. Discussion 
* Data taken from the published results [1 ]. 
In 1951 Folch and Lees [2] reported the isolation 
f rom brain tissue of  a prote inaceous material  insoluble 
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in aqueous solvents and soluble in mixtures of 
chloroform: methanol. They coined the name 
“proteolipid” to stress the fact that even though they 
were lipid-protein complexes they exhibited some 
of the properties of lipid, such as solubility, in con- 
trast to the “lipoproteins” which behave as water 
soluble proteins. Since then, proteolipids have been 
identified in all the tissues where they have been 
looked for and its localization is referred to the mem- 
branes of organelles such as mitochondria and 
chloroplasts (cf. [3] ). 
The attempts to design model systems to under- 
stand the structure, properties and function of this 
membrane fraction have been scarce but significant. 
Das and Crane [4], Reich and Wainio [5] and Leslie 
et al. [6,7] have studied the cytochrome c proteo- 
lipid; Lesslauer et al. [8] that of the basic protein of 
myelin; DeRobertis et al. [9-l 1] the proteolipids as- 
sociated to the acetylcholine and norepinephine re- 
ceptors; Beechey et al. [12,13] that associated to 
the mitochondrial ATPase system and Strominger 
et al. [ 141 that of the isoprenoid phosphokinase sys- 
tem associated to the cell wall synthesis in 
Staphylococcus aureus. 
At the realm of these findings lies the fundamen- 
tal problem of the nature of lipid-protein interac- 
tions. Our model studies are directed towards the 
establishment of the elementary physical principles 
underlying the formation of the proteolipid and its 
topography in the membrane. 
The present results indicate that proteolipids solu- 
ble in decane may be formed if the conditions lead- 
ing to overall charge neutralization of the complex 
are met, the net extraction being independent of the 
nature of the ionic species used to achieve it. In addi- 
tion, they indicate that ion-pairs may occur in the 
apolar regions of membranes. This suggestion is also 
supported by the evidence of Packter and Donbrow 
[IS] that the association constant, and therefore the 
free energy, of ion pair formation in water increases 
dramatically when both anion (sulfate) and cation 
(trimethylammonium) possess a long hydrocarbon 
chain of 12 carbon atoms (-AG association = 
8.4 K&/mole) as compared to those with chains of 
6 carbon atoms (-AG association = < 1 Kcal/mole). 
Important implications from this model system 
with regards to membrane dynamics and plasticity 
can be derived. The fact that physiological ions allow 
the extraction of proteolipids into n-decane, suggests 
that they may induce neutralization of the residual 
charges of a lipid-protein complex in a membrane 
and hence allow its penetration into the apolar core 
of the bilayer. It is well known that an alteration of 
the ratio of univalent/divalent cations in favor of the 
divalent results in a phase transition from an “oil in 
water” state to a “water in oil” state [ 161 . Taking into 
consideration that the recombination rates of ion-pairs 
in liquids of low dielectric constant are in the 
nanosecond time range [ 171, such transitions (lipo- 
protein + proteolipid) in location of the lipid-protein 
complex could be extremely fast. This would be in 
line with the reported rotational relaxation rates of 
membranous lipid-protein complexes, such as rhodop- 
sin in the retinal rods [ 18,191 and cytochrome oxi- 
dase in the mitochondria [20]. It is possible to envis- 
age a mechanism based on the results hitherto re- 
ported by which hydrocarbon-soluble complexes be- 
tween aqueous solutes and membrane elements could 
be formed. This would allow water soluble solutes to 
diffuse across the liquid hydrocarbon chains of the bi- 
layer phospholipids [21] , a process which is normally 
energetically unfavorable [22]. This mechanism is con- 
ceptually similar to that underlying the solubilization 
of ions in hydrocarbons mediated by the cyclic macro- 
lide and peptide antibiotics (neutral lipid soluble 
molecules) [22] in which the substitution of the 
hydration shell of the ion by the polar groups of the 
peptide antibiotic renders the overall complex lipid 
soluble and allows its diffusion across biological and 
artificial membranes [23]. The detailed aspects of this 
proposal will be published elsewhere. 
Finally, the fact that thin proteolipid films are 
formed with the decane-soluble proteolipid extracted 
at neutral pH in the presence of physiological con- 
centrations of cations offers a starting point towards 
the reconstitution of complex membrane functions. 
Acknowledgements 
The authors wish to thank Mrs. Silvia Almanza de 
Celis, for invaluable assistance. This work has been 
partially supported by a grant from the Research 
Corporation, New York to M. Mental. 
331 
Volume 28, number 3 FEBS LETTERS December 1972 
References I1 11 E. Ochoa, S. Fiszer de Plazas and E. DeRobertis. Mol. _ - 
Pharmacol. 8 (1972) 215. 
(11 
[21 
[31 
[41 
[51 
[61 
[71 
[81 
191 
[lOI 
C. Gitler and M. Montal, Biochem. Biophys. Res. 
Commun. 47 (1972) 1486. 
J. Folch-Pi and M. Lees, J. Biol. Chem. 191 (1951) 
807. 
J. Folch-Pi and P.J. Stoffyn, Ann. N.Y. Acad. Sci. 195 
(1972) 86. 
M.L. Das and F.L. Crane, Biochemistry 3 (1964) 696. 
M. Reich and W.W. Wainio, J. Biol. Chem. 236 (1961) 
3058. 
C.J. Hart, R.B. Leslie, M.A.F. Davies and G.A. 
Lawrence, Biochim. Biophys. Acta 193 (1969) 308. 
C.J. Hart and R.B. Leslie, J. Bioenergetics 2 (1971) 
283. 
W. Lesslauer, F.C. Wissler and D.F. Parsons, Biochim. 
Biophys. Acta 203 (1970) 199. 
J.L. La Torre, G.S. Lunt and E. DeRobertis, Proc. 
Natl. Acad. Sci. U.S. 65 (1970) 716. 
M. Parisi, E. Rivas and E. DeRobertis, Science 172 
(1971) 56. 
[ 121 I.G. Knight, C.T. Holloway, A.M. Roberton and R.B. 
Beechey, Biochem. J. 109 (1968) 27. 
[13] K.J. Cattell, C.R. Lindop, LG. Knight and R.B. 
Beechey, Biochem. J. 125 (1971) 169. 
[14] Y. Higashi, G. Siewert and J.L. Strominger, J. Biol. 
Chem. 245 (1970) 3683. 
[ 151 A. Packter and M. Donbrow, Proc. Chem. Sot. London 
(1962) 220. 
[16] G.H.A. Clowes, J. Phys. Chem. 20 (1916) 407. 
[17] P.K. Ludwig, J. Chem. Phys. 50 (1969) 1787. 
[ 181 R.A. Cone, Nature New Biology 236 (1972) 39. 
[ 191 P.K. Brown, Nature New Biology 236 (1972) 35. 
[ 201 W. Junge, FEBS Letters 25 (1972) 109. 
[21] C. Gitler, Ann. Rev. Biophys. Bioeng. 1 (1972) 51. 
[22] G. Eisenman, G. Szabo, S. Ciani, S. McLaughlin and S. 
Krasne, in: Progress in Surface and Membrane Science, 
ed. J.F. DanielIi (Academic Press, 1972) in press. 
[ 231 B. Chance and M. Montal, in: Current Topics in 
Membranes and Transport, 2, eds. F. Bronner and A. 
Kleinzeller (Academic Press, N.Y., 1971) p. 99. 
332 
